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[57] ABSTRACT 

A monitor network of a tag location system includes a grid 
of monitors for transmitting and receiving messages from 
neighboring monitors and tags within range of the monitor. 
Also provided is a memory device for storing: a unique 
identity of the monitor; each input partner monitor from 
which the monitor receives messages, and an output partner 
monitor to which the monitor sends messages; monitor and 
tag signals; a signal strength of the tag signals and significant 
changes thereto; an acknowledgement signal; and a distress 
signal indicating that the monitor has not received acknowl- 
edgement signal from its output partner monitor. Further 
there is a computer for periodically causing all tag signals, 
associated signal strengths and significant changes stored in 
the memory device to be transmitted to the output partner 
monitor, for forwarding received monitor messages to the 
output partner monitor, , for issuing the acknowledgement 
message to be transmitted of a monitor message, for deter- 
mining receipt of an acknowledgement and for sending a 
distress signal to all neighboring monitors within range of 
the monitor if an acknowledgement signal is not received 
from the output partner monitor. Tag signals issued by tags 
and received by the monitor directly from tags within range 
of the monitor or from input partner monitors are transmitted 
to the output partner monitor for forwarding to the central 
station, and wherein, monitor messages issued by the central 
station and receive from input monitors are transmitted, if 
required, to the output monitor. 
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ABSTRACT 



An object in a storage area or moving vehicle is monitored 
by attaching an electronic tag to the object. An electronic 
device detects the presence of the object by communicating 
with the tag while the object is in storage or is being moved 
by the vehicle. The tags may also determine the location of 
an attached object and may reroute the object if it deviates 
from a given shipping schedule. A group of objects is 
monitored by two electronic tags, each attached to an object 
in the group. Each tag has circuitry for communicating 
information relating to an object in the group to a second tag. 
Each tag also includes a memory connected to the circuitry 
that is capable of storing the information, and a controller 
connected to the memory and the circuitry. A computer is 
used that has circuitry for communicating with a tag. 
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The tag also notifies the joining unit of the detachment in 
step 464. Alternatively, the subfunction may cause the router 
to notify a device, such as a user-operated device, instead of 
a gateway of the detachment. 

(b) Joining 

The joining functional unit 372 includes an existence 
subfunction 470 connected below a hierarchy subfunction 
472 (FIG. 24). 

Referring to FIG. 29, when ihe attachment subfunction 
indicates to the existence subfunction that the tag is active 
(step 480), the existence subfunction causes the lag to look 
for other tags by attempting to initiate communications 
through the router on a particular hailing channel (482). If 
other tags exist (step 484), the subfunction notifies the 
hierarchy and supplies the identity codes of the tags (step 
486). 

If a group ^oL n tags areJto cated nea r the^asset tag, the 
subfurittloTffehooses one^as s e t ta ^^ jlet&aste^ to perform 
som e o f the location This 
preven ts"lHeTags iro'^^plicaUi^ c alcu 1 at io ns already per- 
formed by other tags. 

Referring to FIG. 30, the hierarchy subfunction commu- 
nicates with the other tags to detejmiine if the other tags have 
des ignateoLa . paxtjc ul aH a g^ as fi et nTastejfef step 487). If the tag 
locates a netmaster (step 488), it notifies the network for- 
mation unit through the location unit (step 489). Otherwise, 
the tag chooses the tag with the highest iden] Kfi ption 
number as the^tmasfes? jpd'ehoose s th"e tag with the nex t 
highest lclenTincaUon ^u^^e^s^^^^^^t^tn^to (step 

The ^etmaste/j^riodicallysu n^eys the tags fo r .., r J e l w | ] p r 
m issing mem bersTTn y|^^ . 
Tlfe^^rSffifi^ 
commnmcatibns. 

IfnhBTietmaster disappears or indicates its battery is low, 
the assistant netmaster replaces the netmaster, selects 35 responds to the command. 



Each of these subfunctions is discussed in more detail 
below. 

(d) Network Formation 

The network formation unit includes a determine topol- 
ogy subfunction 560, a sentinel subfunction 562 and a 
message subfunction 564 (FIG. 25). The determine topology 
subf unction r eceives information from the^ nan^ aeje cTion 
sub f^nct ionn^ ^ and 
1 htUoca ^ t ne 

subrunj^^ nci g^ b or s^ for ^a. ch tag . A 

topc^ogy^escription ol the set iCTouB(J" using a Uela^inay 
triangulation, described below, which describes the topology 
as a convex hull and ide nt ifies Ihe^ eJ^o LnearesLne i g hbor s. 
When the determine topology subtunction receives unda te d 
inf ormaoo^f ro ^ ny he J^ca non^i^ t , it modifi&s^^ 

TnesVntinel subfunction identifies tags that are located on 
the convex hull. These tags (referred to as sentinels) are 
assigned to communicate with tags outside the hull. The 
subfunction also identifies gateway tags capable of long 
distance communication and PDAs acting as a man-machine 
interface. The subfunction stores the identity of each gate- 
way in the gateway table. 

The sentinel subfunction communicates the identity of the 
sentinels to the hierarchy subfunction 472 (FIG. 24) over the 
feedback path 380. The hierarchy subfunction causes the 
sentinel to search for new tags, extending the range of the 
netmaster. 

The sentinel subfunction also responds to commands 
received over the router 382 (FIG. 23). Each time a com- 
mand from an entity is routed to the sentinel subfunction, the 
subfunction first verifies that the source of the message is 
listed in its entity table. If the entity is not listed, the 
subfunction ignores the message. If it is listed, the unit 



another assistant, and informs the hierarchy subfunction of 
the change, 
(c) Location 

Ting"tS"Fl<5?25p(he location unit 374 determines the 
^s^in^f h e net w p^jism g^ trienFoTio wing su b- 
tions:7inte i:ta^ dista nce 50y) veri fy_range_ i 502, re fine 
ra^ge"304,^p ^i^rrcompa 
(FIG. 25) 




Referring to FIG. 31, the intertag distance subfunction 
500 determines the distance and the covariance (or mea- 
surement error) of the distance between the tag and each tag 
identified by the joining unit (step 530). The subfunction 
also communicates with the lags to obtain location infor- 
mation for the tags (step 532). The location information is 
typically obtained from a GPS sensor located near the tags. 
The subfunction organizes this information in the tag 
memory (step 534), and notifies the verify range subfunction 
502 that the information is available (step 536) 



. firs tcommand rec eived by the se ntinel subf unction 
^ueriegw l ^her ala g WiuT^ exist s. Ihe 

subt'unction ch ecK^vffn etner any stored identification 
matches any^toreatag's Tdentr fiHTitir^ ^ 
40 answers k< yes" to the entity. The unit then checks whether the 
— entity is listed as a gateway in the gateway table. If it is not 

56£ anoyolet e c t chahge a "508*v s listed, the unit records the identity of the entity as a gateway. 

If there is insufficient memory to store the identity in the 
table, the unit communicates with the oldest recorded gate- 
45 way in the list. If it is unable to establish communication, it 
deletes the gateway from the list. The unit repeats this for 
each gateway in the list. 

The second command asks whether there are lags which 
have not been queried by a gateway. The siibfiin ction looks 
50 at its-gate-wav-.table„ and_if t he gate way ID Is not listed, the 
unit rep lies wuh th e tag ID. 

l*he"Iast command askTwhether a tag with a particular ID 
has registered the gateway. If the tag ID is the same as that 
in the message, the unit checks its entity and gateway table 



The verify range subfunction verifies these ranges, and 
eliminates ranges that are clearly erroneous. The refine range 55 and records the ID of the gateway if it is not already present 



subfunction provides accurate estimates for the ranges elimi- 
nated in the previous subfunction. The compute locations 
subfunction transforms the corrected ranges supplied by the 
refine range function into an arbitrary set of coordinates for 
each tag. Using the location information, the location sub- 
function transforms the arbitrary coordinate system into an 
absolute coordinate system, and determines a location for 
the tap m i 

T he ((elect change sub fiinctiQnjx^ eiv es the locationin for- 
mation from the ^v enfv ran ge subfun ctii 



afli&sJk ffiner t^sm the neTw^rk1c^5etect a cha m ^ inj 
tag's location. 1 P 



in the table. If there Is insufficient memory to store the 
gateway, the tag repeats the process described above to 
delete non-communicating gateways. 

The propagate message subfunction defines a network 
60 containing a set of efficient communication links between 
tags using the topology derived by the topology subfunction. 
The subfunction accomplishes this by assigning tags in the 
networks as relay points for communications between a pair 
of tags. 

65 The subfunction also chooses a second netmaster based 
on the topology. The second netmaster redefines the network 
whenever a lag is added or removed from the network, and 
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co pim miic^Xt^^ft fcrmation regarding theCb^ii ac^ in the 
network to the gateways listed in the gateway table. In some 
embodiments, the netmaster only notifies the gateway of 
changes regarding specific tags. The other tags in the net- 
^ work do not duplicate the functions of the netmaster. 
1 v h ffh*^ ^ma|tepffi^ the network periodically 

to m alTej u^Tnl ^A^vjj ^ i^^ac h lalp rTthr"rte IworlTchecks 
t h e *fi meirTr^^i^ceitwas last polled by the netmaster. If 
Cs^f I the time interval exceeds a threshold, the network formation 
AAxA-A-U^i 1 in lne la S removes the tag from the network. 
Q-£' * When the network grows loo large, the network formation 

subfunction divides the network into smaller subnetworks. 
The subfunction designates channels of communication 
within a subnetwork that do not interfere with communica- 
tions in the other subnetwork. In addition, communications 
within a subnetwork are coded in compacted form. For 
example, the subfunction assigns each tag a truncated ID. If 
spread spectrum communications are used, the subfunction 
uses a short code for communication relayed between tags. 

The subfunction designates a tag for maintaining com- 
munication with another subnetwork. When the subnetwork 
grows too small, the subfunction queries the tag for the 
existence of the other subnetwork. If the subnetwork still 
exists, the subfunction merges the two subnetworks, 
(e) Network Use 

The network use unit 378 includes a manager subfunction 
590, an agent subfunction 592, an inventory subfunction 
594, and a read and write subfunction 596 (FIG. 25). 

Referring to FIG. 32, the manager subfunction continually 
checks whether route information is available in the network 
(step 608). The information is typically provided by a 
monitoring device, computer or operations center. 

When the information is available, the subfunction stores 
information regarding the transportation route scheduled for 
an asset attached to the tag and a checking frequency (step 
610). The subfunction then surveys the network to determine 35 
whether there has been an update to the route information 
(step 61 1). If there is, the subfunction returns to step 610 and 
stores the new information. 

If no update information is available, the subfunction 
examines the location of the tag (as supplied by the location 40 
unit) (step 612), and compares the location to the route (step 
614). If the location of the asset deviates from the route (step 
616), the subfunction informs a gateway through the net- 
work (step 618) and returns to step 611. If no deviation 
exists, the subfunction repeats the process by returning to 45 
step 611. 

As shown in FIG. 33, the agent subfunction 592 stores 
information regarding the destination of the attached asset 
(step 630). When a deviation from the route is reported by 
the manager subfunction (step 632), the agent subfunction 50 
queries the network regarding available alternative routes 
(step 634). If a more effective alternative route is available 
(step 636), the subfunction notifies a gateway (step 638). 

In some embodiments, the route includes a series of 
locations where the conveyance carrying the asset is 
changed (transhipment points). The subfunction seeks a 
conveyance for the next part of the route at each tranship- 
ment point. The subfunction also searches for other tags 
following a similar route, and searches for a proper convey- 
ance for carrying all the assets together. The subfunction 
then informs a tag on the desired conveyance that the 
conveyance should load the assets. The subfunction thus 
performs functions analogous to a node in a packet switched 
network. 

The inventory subfunction maintains a list of assets in the 
network. This subfunction is particularly useful in a ware- 
house application. 
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The read and write subfunction stores and retrieves data 
from the asset tag's memory. The subfunction is activated by 
the following commands from one or more entities stored in 
the entity list. 

1. Read data to one or more identified entities. 

2. Clear data as instructed by one or more identified 
entities, and write certain data. 

3. Append the following data as instructed by one or more 
identified entities. 

4. Add an identified entity to the entity table as instructed 
by one or more entities. 

5. Delete an entity from the entity table. 

6. Read the entity table. 

7. Read the gateway table, 

X. Detailed design of the location unit 
A. Intertag Distances Subfunction 
(a) Baseline Method. 

The intertag distances subfunction (FIG. 34) in a tag 640 
determines the tag's distance, that is, range, from another tag 
642 by measuring the time required for an electromagnetic 
pulse to travel round -trip between the two tags. There are 
several methods for measuring this time. A baseline method 
is described first, followed by descriptions of alternate 
methods. Most of the methods require that the pulse- 
originator tag have a cooperating transponder tag for a 
reference, with one clock on each tag. However, the last 
alternate method describes a dual-clock technique wherein 
both clocks are on the originator tag — the other tag is simply 
a repeater or a repeater with a delay. In fact, if a delay is not 
required, another active tag is completely unnecessary in the 
last alternate method; the reference can be totally passive, 
for example, a mirror or a three-dimensional corner reflector. 

The resolution of the range measurement is proportional 
to the time-measuring resolution of the tag, so it is advan- 
tageous to use methods of range measurement that effec- 
tively increase the time-measuring resolution. The methods 
described below take advantage of the tag's ability to detect 
a pulse received during a period of the tag's time-measuring 
clock. For a single pulse, the tag can detect that the pulse 
arrived during the period but not when during the period. 
Therefore, the range-measurement methods use multiple 
pulses and multiple successive measurements. In the base- 
line method, small offset delays of differing but known 
lengths are inserted, one per round -trip, in the round -trips of 
the pulses, to stagger the arrivals of the pulses. Thus, for a 
set of ranges, the offset delays cause a fraction of the pulses 
to return in a later lime-measuring clock period in any 
particular range measurement. As described below, the 
method determines the range from this fraction. 

In the baseline method, the originator tag and the tran- 
sponder tag initially have identical clock periods. To insert 
a multiple of an offset delay * : d" in the round-trips (FIG. 35), 
the originator alters its clock period slightly. The length of 
the alteration is an amount of time which provides a one- 
clock-period difference with the transponder's clock over a 
measurement interval. The measurement interval is an 
amount of time equal to the number of pulses sent, "N," 
multiplied by the time interval between the sending of each 
pulse. Although the originator's clock may be altered above 
or below the frequency of the transponder's clock, the 
embodiment of the baseline method described herein uses an 
originator's clock with a higher frequency, that is, a shorter 
period, than the transponder's clock. 

The difference in clock periods results in the insertion of 
differing but known delays in the round-trip time, in the 
following way. Like the originator tag, the transponder tag 
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The tag then decides whether the tag itself is moving, a the "current tag' 1 (current(n)) where n is the index of the 

reference tag is moving, or both. If the tag itself is moving, iteration and queries the current tag regarding its neighbors, 

the tag determines its instantaneous position, and velocity In other embodiments, the tag may communicate with a 

using the relative position information. If the tag is sentinel (defined in Section IX.C(c), above ) that causes the 

stationary, the lag converts its relative position to an absolute 5 tag to choose the sentinel as the current lag. Any other tag 

position. may be chosen as the current tag. 

The first condition is that the reference lags mast be Referring to FIG. 55, the new lag calculates its distance 

moving in three dimensional space relative to the tag. from the current tag and its distance from each neighbor of 

If the lag and reference tags are coplanar bul not co-linear, the current lag, using the coordinate information (step 2014). 

the reference tags must be moving in two dimensions The new tag analyzes the distances to determine whether the 

relative to Ihe tag. If ihe lag and reference tags are co-linear, new tag is closest to the current tag (steps 2016, 2018). If so, 

the reference tags must be moving in one dimension relative the new tag stores the identification number of the current 

to the tag. lag in its list of neighbors (step 2020) and proceeds to step 

As additional reference positions and errors are accumu- 2022 in FIG. 56. If not, the new tag chooses the neighbor of 

lated by the intertag distance subfunction, the tag refines its the current tag that is nearest the new tag as the current tag 

position estimate using the same method. In addition, as tag 15 (step 2022) and returns to step 2014. 

locations are identified and changed, this information is When the new tag arrives at step 2022, the current tag has 

passed to the determine topology subfunction. been defined as either the last current tag or the neighbor of 

XI. Detailed description of network formation unit the last current tag that is closest to the new tag. In step 2024 

A. Determine topology subfunction (FIG. 56), the new tag defines two of the neighbors of the 

TJie— determine topology function ^ e s^n^tes_ 3 a £= ^et > of 20 current lag as the ''next lag" and the "previous tag/' 

fi^^l fftrsAr ^ The next tag of a particular tag A is defined relative to a 

described in detail in "Spatial Tessellations: Concepts and second tag B. The next tag is the neighbor of tag A which 

Applications of Voronoi Diagrams," A. Okabe et al, the forms the smallest positive angle c with respect to tag B, 

contents of which are incorporated herein, in its entirety, by w i»h ihe tag A being placed at the vertex of the angle. For 

reference. 25 example, as shown in FIG. 57, tag A is the current tag 16 a 

Referring to FIG. 53, the neighbors of a tag 16 3 are found and lhe ta S B « lne new la § 16 2 K the neighbors of the 

by first locating the set of points that are closer (in Euclidean cu / rent ta § include ta § s 16 3> 16 4 and 16 5 , then the next tag 

distance) to tag 16/ihan to anv other tag. Each set of points of the ™ rre 0 nt ta £ 7* a » ve t0 the nev ^ la § of the cu ^ rem la § 

is bounded by an "ordinary Voronoi polygon" 2000. The . * ta § Similarl * the nexl la S rtUiivt to tag 16 3 is tag 

neighbors of each tag include the tags in polygons adjacent 30 - t c . 

* 1 mnn ,u • ui e . u ■ . c The previous tag of a current tag relative to a second tag 

to polygon 2000. Thus, the neighbors of tag 16, consist of ■ Aa <>JL A nc fA „ * TU . • ,u • uu f( u 

r - & 11? 01 is denned as follows. The previous tag is the neighbor of the 

tags 1G 2 , . . . , 10g. current tag which forms the smallest negative angle d with 

2 fe T n S 10 FIG 54 ' a P rehminar y communication link respect {Q the ^ cond ^ wjlh currem Uced a( lhe 

2010 is defined between a tag and each neighboring tag. The vcrtcx of thc anglc In thc examp i c snowrli lhc prcv ious tag 

set of links between lags forms a Delaunay triangulation, 35 for lhe current tag 16i with respect l0 lne new lag 16 ^ ^ lhe 

and defines the topology of the set of tags. tag 16 4 . Similarly, tag 16 3 is thc prcvious tag for thc current 

The Delaunay l ria ngu la lion is de fi ned incrementally by tag relative to tag 16 4 . 

causi ng eachjag to^ncT its ■ n ejpjog) J f the tags are all Thc new tag defines thc next tag (ncxt(n)) and thc 

activated aftine sarn^n^lnT^^ast^ (the tag with the previous tag (previous(n)) of the current tag relative to the 

highest ID number) fi nds its neighbors firs t, by using the 40 new tag (step 2024). The new tag then checks whether the 

f**. /algorithm described b el Q^Ea^ A^^^^^^ ^S^^^^^sSSJ" ~ an S le between the previous tag and the next tag (with the 

J I ple ied the algorithm , it ^lSt^ffi^^^^^^yhe second current tag at the vertex of the angle) is less than 180 degrees 

J hig hest ID n u mber^aa4 (step 2026). For example, in FIG. 57, the new tag checks 

t/j\ , ^ \ J algo rithm ^^^^n el^b^r I he_neimaster c ontinues whether the angle d is less than 180 degrees. In the same 

? ^ $6 ' I sel e - " n &Ti5 l[SrI ^ 45 step, the new tag verifies that the previous and next tags are 

^ have'be en selecte d. neighbors of one another (that is, they are connected in the 

When a new tag is added to a network, it communicates Delaunay triangulation). The new tag accomplishes this by 

with other lags to determine whether the lags have already querying the previous tag and the next lag regarding their 

performed the process described above, that is, whether a neighbors. 

Delaunay triangulation for the tags has been determined. If 50 If bolh conditions of step 2026 are satisfied, the new tag 

it has, links must be added to the triangulation to connect the checks whether the new tag is located inside a circle 

new tag to its neighbors. Ifiis is accomplished by having the circumscribing the current, next and previous tags (step 

new tag perform the algorithm described below. If no 2028). For example, as shown in FIG. 58, circle 2029 

Delaunay triangulation exists, the new tag waits until circumscribes tags 16 1} 16 3 , 16 4 and contains the new tag 

ordered by the netmaster to perform the algorithm. 55 16 2 . If the condition of step 2028 is satisfied, a new previous 

The new tag (or the tag designated by the netmaster) finds lag (previous (n+1)) is defined as the next lag (next (n)), and 

and maintains a list of its neighbors by performing the a new next tag (next (n+1)) is defined as the tag having the 

following algorithm. Each step of the algorithm is executed smallest positive angle with respect to the next tag (next (n)). 

by lhe determine topology subfunction in the new tag. The new lag then increments the value of the iteration 

Thc new tag begins by receiving its own coordinates and 60 (n=n+l) and returns to step 2026. 

then seeks information locating other lags in its vicinity If the condition in step 2026 is not satisfied, the new tag 

from the compute locations subfunction. The determine checks whether the new tag is between the previous tag and 

topology subfunction ignores the z coordinates in the loca- the next tag with respect to the current tag (step 2034). I"his 

tion information and thus finds the topology of the tags using means that the previous and next tags are previous and next 

a two-dimensional projection of their locations. 65 tags relative to the new tag. For example, in FIG. 57, the new 

The determine topology subfunction next selects a ran- tag 16 2 is located between the previous lag 16 5 and the next 

dom tag from the coordinate information which it defines as tag 16 3 . 
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ABSTRACT 



An object in a storage area or moving vehicle is monitored 
by attaching an electronic tag to the object. An electronic 
device delects the presence of the object by communicating 
with the tag while the object is in storage or is being moved 
by the vehicle. The tags may also determine the location of 
an attached object and may reroute the object if it deviates 
from a given shipping schedule. A group of objects is 
monitored by two electronic tags, each attached lo an object 
in the group. Each tag has circuitry for communicating 
information relating to an object in the group to a second tag. 
Each tag also includes a memory connected to the circuitry 
that is capable of storing the information, and a controller 
connected to the memory and the circuitry. 

60 Claims, 59 Drawing Sheets 
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include an extra delay which is a multiple of the second 
clock period; and the distance may be determined by mul- 
tiplying the velocity by half of the difference between (a) the 
average of all of the round-trip times and (b) the sum of the 
extra delay and the first clock period. The method may s 
further include a step of offsetting the average of the 
round-trip times, wherein the offset is an amount of time 
equal to the second clock period divided by twice the 
product of (a) the number of symbols and (b) the number of 
first clock periods corresponding to the first time interval. 

In another aspect, the invention features another method 
of measuring a distance between two objects. The method 
includes the steps of transmitting from one of the objects a 
plurality of symbols, the transmissions occurring in a series 
in which consecutive transmissions are separated by a time 
interval which is a multiple of a first clock period, the 
symbols having a constant velocity; detecting the transmis- 
sions using a second clock period, the second clock period 
being different from the first clock period, each transmission 
detection thus occurring after a delay, the delay being 
different for each detection and constituting the period of 
time between each transmission and the detection of each 
transmission, the delay having a nominal length which is a 
multiple of a delay unit, the delay unit being equal to the 
product of the number of first clock periods corresponding 
to the time interval and the difference between the clock 
periods, the delay unit also being equal to the second clock 
period divided by the number of symbols in the plurality of 
symbols, the delay having an actual length which is within 
one delay unit of the nominal length; returning each of the 
symbols from the other of the objects back to the one of the 
objects; detecting the arrivals of the returning symbols back 
at the one of the objects using the second clock period, each 
arrival detection thus occurring after a second delay, the 
second delay being different for each detection and coasti- 
tuting the period of time between each arrival and the 
detection of each arrival, the nominal length of the second 
delay being a multiple of the delay unit, the second delay 
having an actual length which is within one delay unit of the 
nominal length of the second delay; measuring a round-trip 
time corresponding to detection of receipt from the other of 
the objects of each of the symbols, each round-trip time 
corresponding to a multiple of a second clock period; and 
determining the distance between the objects by multiplying 
the velocity by half of the average of the round-trip times. 

A preferred embodiment of this aspect of the invention 
includes the following feature. The symbols may be returned 
from the other of the objects after an extra delay; and the 
distance may be determined by multiplying the velocity by 
half of the difference between the average of all of the 
round-trip limes and the extra delay. 

Advantages of the invention include the following. 

An operator is required to enter data into the system only 
once. After entry, the tags and devices in the system auto- 
matically move the data to where it is most needed. For 
example, the operator enters the contents of a particular asset 
into the lag attached to the asset. The tag then automatically 
communicates the contents to an inventory computer storing 
a list of local assets. 

Because the tags communicate with other tags in their 
vicinity, the effective communications range of each tag 
extends beyond the range of its own communication cir- 
cuitry. The effective range is further extended by placing an 
additional lag near a selected lag in the system. The selected 
tag relays communications from the remaining tags in the 
system to the additional tag. The remaining tags are thus not 
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required to be located within the communication range and 
line of sight of the additional tag. 

Once the tags are activated, they a u toma t ically seek oth er 
tags 6rclev ^s''ih%Td^ ^ system 
thus does noT need to depencTon "the honesty of company 
employees in collecting and reporting data relating to the 
assets. The in jfcrmation reported b t \- the , tags -takes ^a variety 
o f forms . For example", a 1 lag may monitor a sensorfor the 
temperature of an object, and may notify a device of an 
abnormal increase in temperature. Similarly, the tag may 
determine a scheduled route for the asset, and report any 
deviations from that route to the user-operated device. 

An operator obtains in f ormation reJ [ at ing..tQ.an.asse t B in r the 
system hy f^otly ffieryftg anZappro priate tag. Because 
several tags in the system share the information and can 
automatically move the information, the operator is li ke 1 v to 
ha ve access to aJ imi kat either_stQiies4 he,ne 
or that can acquire ^he^in form a tion. The operator is thus not 
required to access an operations center that may be outside 
the operator's communications range in order to obtain the 
20 information. 

A local or remote computer is easily integrated into the 
system. The computer gathers and disseminates information 
to operators who do not possess the appropriate device for 
querying tags, or to operators who are located far from any 
25 tag. The computer maintains a list of tags, their location and 
associated asset, so that any operator query can be directed 
to the tag. 

Unlike the barrier systems described above, the system 
p ro v ide^ co n t m uQus.^ p^i^ ^ oji^i to r in £ , 01 the assets. I ns te ad 
30 of onjjpdetermin ina t naf^a^aTti ^^ il llo c^^T^ y- 
w heremside one or more c ells, the sjste^a^urj^yjocjtes 
a positiorhof the asset with in any cell. !n addition, while 
barrier systems cannot typically determine a direction of 
movement of an asset when it crosses a boundary, the system 
according^ the invention accurately det ermines (direcli^ 
and velocity of the asset. 11 

Knowing t he__ positio n-and-ve locity^f^the^a.sset _allow s 
operators to^prompql ySfinb ^ the asset M jnresp oji|e_jp M an 
emergency, and permits .acc^ rat ejj)^ 
40 pr^o C&lufe^incj dents. Fhc^assGts^are^lBi^m Qi^se cp re 
from thefuoj ^misp lacejoaejit. which is an important consid- 
e ration when the assets include valuable cargo. In addition, 
the quick containment of incidents provides for more safety 
in transporting and storing of the assets. This is particularly 
45 important for assets carrying hazardous materials. 

In some embodiments, the lags form an optimal commu- 
nications network withouu^ser input, andutpd at e the net- 
work ^^ never th^rejs at^ha ngbvi njh^tong^o rj ben hpfr 
o^t l^'aSs e^ I he Ugjderlne the network by designating tags 
50 for relayingJnJr^aUGn^elweete The 
network is optimized by minimizing the number of relay 
tags between every pair while maximizing the range of the 
communications. The tags superimpose on this network a 
hierarchy of communication links lo other networks or 
55 devices. 

The tags also optimize the network by assigning specific 
functions to particular tags in order to prevent tags from 
needlessly repeating the functions of other lags. These 
functions include checking whether assets have been added 
60 to or removed from the network. 

The tags design the network based on their calculations of 
the location of other tags. Error correcting algorithms in the 
tags permit them to compute these locations wiih a high 
degree of accuracy. When new information becomes avail- 
65 able to a tag (for example, when a new lag is added lo the 
network), the tags automatically refine their location calcu- 
lations. 
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the entities is listed in the entity table (step 468), 
attachment unit becomes inactive (step 469). 

The tag also notifies the joining unit of the detachment in 
step 464. Alternatively, the subfunction may cause the router 
to notify a device, such as a user-operated device, instead of 
a gateway of the detachment. 

(b) Joining 

The joining functional unit 372 includes an existence 
subfunction 470 connected below a hierarchy subfunction 
472 (FIG. 24). 

Referring to FIG. 29, when the attachment subfunction 
indic atesJo Jhe ejcisjengesub^diol^ 
(step 480), the^xSte^^^^^^wn causeslhe tag to Jo ok 
for other tag s.jyy attemptiBS"io^initiate~co^ 



10 



hi ejajrchy and s upph'es i the^dejnt^ty^ 



If ,a^ grou p M pf J a gs . ar c ^ffi a jf4~ pc fl WLh i tag * tne 
subf unctio n cEooses (5(e^set tagTane toas|^^tb^^^orm 
some,, of .^hltriol^ units. This 



prevents the tags from duplicating calculations already per- 
formed by other tags. 

Referring to FIG. 30, the hierarc hy sub functio n commu- 
nicates with jhe o ther tag s to a^tVrr mj^ift^ 
deslj ^tlfl!a^ rt ^ tSTtag 
locates a netmaster (step 488), it notifies the network for- 
mation unit through the location unit (step 489). Otherwise, 

tne ^ t ^ J ^L° 2£ c ^ t ^Sr ^- ^^~^ n ^ g DCSt Identi fication 
numgr^TnTng^^ter, and chooses the tag with the 'next 
highWf identification number as the assistant netmaster (step 
490). 

The na tmast gr p eriod icallv^suryeys _the _tag s for new o r 
missing memfiers, ancTn^^ 

T&Qfetjnaslei^^ its 
communications. 

irthe'netmaster disappears or indicates its battery is low, 
the assisfajft^rietmaster replaces the netmaster, selects 
another assistant, and informs the hierarchy subfunction of 



Each of these sub functions is discussed in more detail 
below. 

(d) Netw oj^ Form ation 

The network formation unit includes a determine tpp pN 
o gy subfunction 560, a s entinel^subfiin^ 
nTe ssage sur£K nctiori"564 (FIG. 25). The determine topology. 
submnctionjereiv^"information from the clja|ge"8e^tion 
s ubffinction mdi^tmg^chanp^in i th^ e ^iSen^^^?!a^ and 
m V location of th ej ag over^ffl e.nLJslngthis iirformation.TBc 
silbturiction det em^ A 
topolp ^ de ^np^ 
triangulation , describ ed below, which describes the topology 
as a convex hull andt ^ntifielSpE^^ 
When the determine topologysubfunction rec^ives ^pdateq> 
15 in formation from the jocat ion unit , it mo^difies^thejopology 
de scriptiq n.^^^M ^ ~™ ' 

The s entinel subfunc^n ident^fiestags that are^located^o n 
th e jcony | Sxlii ull. ITiese taas f^^^^ ^^s^^^^ hj^ 
assigi pxOD^^ 
20 subfimcjtiojw 

disIanceiCommunicjaition ^ 

i nterface . The subfunction sto rjsjhej den tity ^ofjeach.ga te- 
way_iij the flatewav^ gjSe^ 
The sentinel subfunction communicates the identity of the 
25 sentinels to the hierarchy subfunction 472 (FIG. 24) over the 
feedback path 380. The hierarchy subfunction causes the 
sentineUto sea xch for new ta gs, extending thejrange of the 
xhetmasten^ * ~ ^ 

^'The sentinel subfu n c E^DL also responds to commands 
30 re ceiVe6 r over tf^ i ^ er^2jFIG. 23). EacrTtime acbm- 
mand from an entity is routed to the . sen tinel subfunctio n. the 
s ubfunction first ve ri fi e s J h at the^ ^ ^ ^ f^he^ m^^ ge^is 
l isted in its f j^ ty^tao^ if the entity is not listed, the 
subfunction ugnores the_ mes sage, if it is. listed , the unit 
35 responds to the co mmand . ' ~ 

^5lie~first^bmmand received by th e se nt inel s uh^ujriction 
(queries^w hether a(tag)vith a give n iotentu^c^aUi^eps^ The 
surJfiiriction check s wheth er any stored .identification 




the change? 

(c)^Location) matdtegjany s tored tag's identm^cat iQEknianbjer. If it does, it 

Referring to FIG. 25, the location unit 374 determines the 40 answer^yesltoihejentitv. The unit the n ff checks whether the 



lo cations of tags in th e net wcj^ usmg' tne^1to*ym%*^f> 
functions: lpt ^^^g fe^yj , ^y O> verify r ange^5^ . r efine 
range 504, loStion^mpute 506 anc Tcfet ect jjaan^SSB 
(FtGT2B)'. ^ — ~ 

-deferring to FIG. 31, the intertag distan ce subje ction 
500 de termines the d istaoce^ anci lbe_ roya m nceJoY mea- 
^urem ^t^rror ) of the d istance betw eenlr^S^and j^hJa tk 
i 9efflriedb^the^ ^ (step 53 0). Tne surJttmclion 

also conirnumcates^wtn^tne 'tags to Britain location infor- 
mation for ' thelags (step "532)7 The"location1ru^Enatwn*is 
tyrJicTlly obtained from a GPS sensor located near the tags. 
The subfunction orga iujesthis information in^the ^Jag 
megtorx(step_534), ar^^dfies <^e verity range^ubfunction 



enrityjslistedasa gajew^y^m4h_e,gate^ayjable. If it is not 
listed, the unit records the identity of the entity as a gateway. 
If there is insufficient memory to store the identity in the 
table, the unit communicates with the oldest recorded gate- 
45 way in the list. If it is unable to establish communication, it 
deletes the gateway from the list. The unit repeats this for 
each gateway in the list. 

The s econd co mmand asks wh ether there are ta^s wh ich 
hav e not been querie d '§ Q"gatewa y. The subfunction looks 
50 at its gateway table, and if the gateway ID is not listed, the 
unit replies with the tag ID. 

The las^command asks whether a ta g with a particular ID 
h as regjsteredThe^ atejvayTIf 'the taglD'is the same as that 
in the message, the unit checks its entity and gateway table 



^02 ^MJheJjiformatioj is available (step sibfT 
Tne verify range^urJfiinctibn verifies these ranges, and 
^eliminates ranges that are clearly eiTonepj^^Fte'refirieTange^ 55 a &d records the ID of the gateway if it is not already present 

subfunction provides accurate estimates for the ranges elimi- in the table. If there is insufficient memory to store the 

nated in the previous subfunction. The compute locations gateway, the tag repeats the process described above to 

subfunction transforms the corrected ranges supplied by the delete non-communicating gateways, 

refine range function into an arbitrary set of coordinates for The propagate m essage subfunctio n defines a network 

I each tag. Using the location information, the location sub- 60 containing a set of efficient communication links between 



function transforms the arbitrary coordinate system into an 
ab solute coo r dinate system , and determines a location for 



ect change subfegHj?3^r^ceiv^the location infor- 
mation from the verify r ange s ubfunction, arid monitors the 65 
«>' J c ~ ■ ' ■ ?v ... i ■^gg^^r: r-* 



V f anges of other tag s in the netwoiklo^g fera ^ajge^t he 
iHag's location. 



tags using the topology derived by the topology subfunction. 
The subfunction accomplishes this by assigning tags in the 
networks as relay points for communications between a pair 
of tags. 

The subfunction also chooses a second netmaster based 
on the topology. The second netmaster redefines the network 
whenever a tag is added or removed from the network, and 



2/10/05, EAST Version: 2.0.1.4 



5,7 

j communicates information .regarding^ the^cSaD^ in the 
I net^ojrk.toJhe gateway t sjjsted in the gat e^ayJaBl e. In some 
§ embcdimentsTuSe^Smaster only notiBes the gateway of 
| changes regarding specific tags. The other tags in the net- 
work dtonot^uplicate the functions of the netmaster. 
\| Thejjjrejrnaster pol lg members of the nejwork pe riodical ly 
f t ojnakej jun^tiey^stm 

ttEejmigj^ If 
the time interval exceeds a threshold, the network formation 
unit in the tag removes the tag from the network. 

When the network grows too large, the network formation 
subfunction divides the network into smal kr^ubnetwo rks. 
The subfunction designates channels of communication 
within a subnetwork that do not interfere with communica- 
tions in the other subnetwork. In addition, communications 
within a subnetwork are coded in compacted form. For 
example, the subfunction a ssigns eachjag.a truncated ID. If 
spread spectrum communications are used, thesulJfimction 
uses a short code for communication relayed between tags. 
& T he subfunctio n designates aCtag)for maintaining com- 
H munication with an other subne twork. Wh ^Tne!Sibn&^ rrk 
« grgwsjtoo small7 t ^subfunctipn queries the tag^forjhe 
exis tence jaLl he ^Qther^ubnejwork. If t fe^su bpetwork^still 
exists, Jhe^ubfuncjion^^erges thejwo subnetworks, 
(e) Network Use " * 

The network use unit 378 includes a manager subfunction 
590, an agent subfunction 592, an inventory subfunction 
594, and a read and write subfunction 596 (FIG. 25). 
(\ Referring to FIG. 32, the manager subfunction continually 
I checks whether route in formatio n is available in the network 
| (step 608). The formation ^isaypic^y^pravide^Jby a 
monitoring device, computer or operationscenter. 

When u^iBTorn^ subfunction stores 

information regarding the transportation route scheduled for 
an asset attached to the tag and a checking frequency (step 
610). The subfunction then surveys the network to determine 
whether there has been an update to the route information 
(step 611). If there is, the subfunction returns to step 610 and 
stores the new information. 

If no update information is available, the subfunction 
examines the location of the tag (as supplied by the location 
unit) (step 612), and compares the location to the route (step 
614). If the location of the asset deviates from the route (step 
616), the subfunction informs a gateway through the net- 
work (step 618) and returns to step 611. If no deviation 
exists, the subfunction repeats the process by returning to 
step 611. 

As shown in FIG. 33, the agent subfunction 592 stores 
information regarding the destination of the attached asset 
(step 630). When a deviation from the route is reported by 
the manager subfunction (step 632), the agent subfunction 
queries the network regarding available alternative routes 
(step 634). If a more effective alternative route is available 
(step 636), the subfunction notifies a gateway (step 638). 

In some embodiments, the route includes a series of 
locations where the conveyance carrying the asset is 
changed (transhipment points). The subfiinction seeks a 
conveyance for the next part of the route at each tranship- 
ment point. The subfunction also searches for other tags 
following a similar route, and searches for a proper convey- 
ance for carrying all the assets together. The subfunction 
then informs a tag on the desired conveyance that the 
conveyance should load the assets. The subfunction thus 
performs functions analogous to a node in a packet switched 
network. 

The inventory subfunction maintains a list of assets in the 
network. This subfunction is particularly useful in a ware- 
house application. 
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The read and write subfunction stores and retrieves data 
from the asset tag's memory. The subfunction is activated by 
the following commands from one or more entities stored in 
the entity list. 
5 1. Read data to one or more identified entities. 

2. Clear data as instructed by one or more identified 
entities, and write certain data. 

3. Append the following data as instructed by one or more 
identified entities. 

4. Add an identified entity to the entity table as instructed 
by one or more entities. 

5. Delete an entity from the entity table. 

6. Read the entity table. 

15 7. Read the gateway table. 

X. Detailed design of the location unit 
A. Intertag Distances Subfunction 
(a) Baseline Method. 

The intertag distances subfunction (FIG. 34) in a tag 640 

20 determines the tag's distance, that is, range, from another tag 
642 by measuring the time required for an electromagnetic 
pulse to travel round-trip between the two tags. There are 
several methods for measuring this time. A baseline method 
is described first, followed by descriptions of alternate 

25 methods. Most of the methods require that the pulse- 
originator tag have a cooperating transponder tag for a 
reference, with one clock on each tag. However, the last 
alternate method describes a dual-clock technique wherein 
both clocks are on the originator tag — the other tag is simply 

30 a repeater or a repeater with a delay. In fact, if a delay is not 
required, another active tag is completely unnecessary in the 
last alternate method; the reference can be totally passive, 
for example, a mirror or a three-dimensional corner reflector. 
The resolution of the range measurement is proportional 

35 to the time-measuring resolution of the tag, so it is advan- 
tageous to use methods of range measurement that effec- 
tively increase the time-measuring resolution. The methods 
described below take advantage of the tag's ability to detect 
a pulse received during a period of the tag's time-measuring 

40 clock. For a single pulse, the tag can detect that the pulse 
arrived during the period but not when during the period. 
Therefore, the range-measurement methods use multiple 
pulses and multiple successive measurements. In the base- 
line method, small offset delays of differing but known 

45 lengths are inserted, one per round-trip, in the round-trips of 
the pulses, to stagger the arrivals of the pulses. Thus, for a 
set of ranges, the offset delays cause a fraction of the pulses 
to return in a later time-measuring clock period in any 
particular range measurement. As described below, the 

50 method determines the range from this fraction. 

In the baseline method, the originator tag and the tran- 
sponder tag initially have identical clock periods. To insert 
a multiple of an offset delay "d" in the round-trips (FIG. 35), 
the originator alters its clock period slightly. The length of 

55 the alteration is an amount of time which provides a one- 
clock-period difference with the transponder's clock over a 
measurement interval. The measurement interval is an 
amount of time equal to the number of pulses sent, "N," 
multiplied by the time interval between the sending of each 

60 pulse. Although the originator's clock may be altered above 
or below the frequency of the transponder's clock, the 
embodiment of the baseline method described herein uses an 
originator's clock with a higher frequency, that is, a shorter 
period, than the transponder's clock. 

65 The difference in clock periods results in the insertion of 
differing but known delays in the round-trip time, in the 
following way. Like the originator tag, the transponder tag 
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If the tag and reference tags are coplanar but not co-linear, 
the reference tags must be moving in two dimensions 
relative to the tag. If the tag and reference tags are co-linear, 
the reference tags must be moving in one dimension relative 
to the tag. 

As additional reference positions and errors are accumu- 
lated by the intertag distance subfunction, the tag refines its 
position estimate using the same method. In addition, as tag 
locations are identified and changed, this information is 
passed to the determine topology subfunction. 
XI. Detailed description of network formation unit 

A. Determine topology subfunction 

The determine topology function d esignates a set of 
^^ghbgjsj pr each tag by means of Delaunay trialigui^TfoTr, 
described in detail in "Spatial Tessellations: Concepts and 
Applications of Voronoi Diagrams," A. Okabe et al, the 
contents of which are incorporated herein, in its entirety, by 
reference. 

Referring to FIG. 53, the neighbors of a tag 16 1 are found 
by first locating the set of points that are closer (in Euclidean 
distance) to tag 16 a than to any other lag. Each set of points 
is bounded by an "ordinary Voronoi polygon" 2000. The 
neighbors of each tag include the tags in polygons adjacent 
to polygon 2000. Thus, the neighbors of tag X6 1 consist of 
tags 16 2 , . . . , 16 8 . 

Referring to FIG. 54, a preliminary communication link 
2010 is defined between a tag and each neighboring tag. The 
set of links between tags forms a Delaunay triangulation, 
and defines the topology of the set of tags. 

The Delaunay triangulation is defined incrementally by 

ca using each b tag to find itsrTt^lffiofo I f the tags are all 

actk ^ed at the same time, th e^ejtmast ^fth e ^gj^jthj tne 

h ighesM^J^mimbei) finds Jts^rieiR^^^first jB by_^Lsjrjg the 

a l^i tSm^^riS^bfl o w. ^ ter^ tjie^netr^ 

pie ted J he algorith m, it s ftte ct^ he tag _haying _the | s econd 

hi ghest , ID w nj^b r er, , and^^ffla j ^ j ge p ta g-to Tpejforrn" th e 

a lgorithm io i fi nd fttsj^ghj^^ > T he netmaster continues 

selecting tags ^decreasin g order oL'JQJLnumber until al l tags 

*have been selected. 
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When a new tag is added to a network, it communicates 
with other tags to determine whether the tags have already 
performed the process described above, that is, whether a 
Delaunay triangulation for the tags has been determined. If 
it has, links must be added to the triangulation to connect the 
new tag to its neighbors. This is accomplished by having the 
new tag perform the algorithm described below. If no 
Delaunay triangulation exists, the new tag waits until 
ordered by the netmaster to perform the algorithm. 

The new tag (or the tag designated by the netmaster) finds 
and maintains a list of its neighbors by performing the 
following algorithm. Each step of the algorithm is executed 
by the determine topology subfunction in the new tag. 

The new tag begins by receiving its own coordinates and 
then seeks information locating other tags in its vicinity 
from the compute locations subfunction. The determine 
topology subfunction ignores the z coordinates in the loca- 
tion information and thus finds the topology of the tags using 
a two-dimensional projection of their locations. 

The determine topology subfunction next selects a ran- 
dom tag from the coordinate information which it defines as 
the "current tag*' (current(n)) where n is the index of the 
iteration and queries the current tag regarding its neighbors. 
In other embodiments, the tag may communicate with a 
sentinel (defined in Section IX.C(c), above ) that causes the 
lag to choose the sentinel as the current tag. Any other tag 
may be chosen as the current tag. 

Referring to FIG. 55, the new tag calculates its distance 
from the current tag and its distance from each neighbor of 
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the current tag, using the coordinate information (step 2014). 
The new tag analyzes the distances to determine whether the 
new tag is closest to the current tag (steps 2016, 2018). If so, 
the new tag stores the identification number of the current 

5 tag in its list of neighbors (step 2020) and proceeds to step 
2022 in FIG. 56. If not, the new tag chooses the neighbor of 
the current tag that is nearest the new tag as the current tag 
(step 2022) and returns to step 2014. 

When the new tag arrives at step 2022, the current tag has 

10 been defined as either the last current tag or the neighbor of 
the last current tag that is closest to the new tag. In step 2024 
(FIG. 56), the new tag defines two of the neighbors of the 
current tag as the "next tag" and the "previous tag." 
The next tag of a particular tag A is defined relative to a 

15 second tag B. The next tag is the neighbor of tag A which 
forms the smallest positive angle c with respect to tag B, 
with the tag A being placed at the vertex of the angle. For 
example, as shown in FIG. 57, tag A is the current tag 16 1 
and the tag B is the new tag 16 2 . If the neighbors of the 

20 current tag include tags 16 3 , 16 4 and 16 5 , then the next lag 
of the current tag relative to the new tag of the current tag 
is tag 16 3 , Similarly, the next tag relative to tag 16 3 is tag 
16 4 . 

The previous tag of a current tag relative to a second tag 

25 is defined as follows. The previous tag is the neighbor of the 
current tag which forms the smallest negative angle d with 
respect to the second tag, with current tag placed at the 
vertex of the angle. In the example shown, the previous tag 
for the current tag 16 a with respect to the new tag 16 2 is the 

30 tag 16 4 . Similarly, tag 16 3 is the previous tag for the current 
tag relative to tag 16 4 . 

The new tag defines the next tag (next(n)) and the 
previous tag (previous(n)) of the current tag relative to the 
new tag (step 2024). The new tag then checks whether the 

35 angle between the previous tag and the next tag (with the 
current tag at the vertex of the angle) is less than 180 degrees 
(step 2026). For example, in FIG. 57, the new tag checks 
whether the angle d is less than 180 degrees. In the same 
step, the new tag verifies that the previous and next tags are 

40 neighbors of one another (that is, they are connected in the 
Delaunay triangulation). The new tag accomplishes this by 
querying the previous tag and the next tag regarding their 
neighbors. 

If both conditions of step 2026 are satisfied, the new tag 

45 checks whether the new tag is located inside a circle 
circumscribing the current, next and previous tags (step 
2028). For example, as shown in FIG.. 58, circle 2029 
circumscribes tags 16 1( 16 3 , 16 4 and contains the new tag 
16 3 . If the condition of step 2028 is satisfied, a new previous 

50 tag (previous (n+1)) is defined as the next tag (next (n)), and 
a new next tag (next (n+1)) is defined as the tag having the 
smallest positive angle with respect to the next tag (next (n)). 
The new tag then increments the value of the iteration 
(n=n+l) and returns to step 2026. 

55 If the condition in step 2026 is not satisfied, the new tag 
checks whether the new tag is between the previous tag and 
the next tag with respect to the current tag (step 2034). This 
means that the previous and next tags are previous and next 
tags relative to the new tag. For example, in FIG. 57, the new 

60 tag 16 2 is located between the previous tag 16 5 and the next 
tag 16 3 . 

If the condition in step 2034 is satisfied, the new lag adds 
the previous lag to its list of neighbors, and informs the 
previous lag (steps 2028-2032). The previous tag then adds 
65 Ihe new tag to its list of neighbors (step 2036). Similarly, if 
the condition in step 2028 is not satisfied, the new tag 
proceeds to step 2036. 

irsion: 2.0.1.4 



5,774,876 



51 



52 



After step 2036, the new tag checks whether the previous 
tag is identical to the closest tag found in step 2018 (step 
2037). If so, the algorithm skips to step 2038 (FIG. 60). If 
not, the new tag checks whether the angle of the new tag to 
the previous tag (with the current tag at the vertex of the 
angle) is greater than or equal to 180 degrees (step 2040). 
For example, in FIG. 57, the new tag compares the angle d 
to 180 degrees. If the condition is not satisfied, the current 
tag (current(n+l)) is redefined as the previous tag (previous 



satisfied, the new tag checks whether the angle of the next 
tag of tag A relative to tag B (with the vertex of the angle at 
tag A) or whether the angle of the next tag of tag B relative 
to tag A (with tag B at the vertex of the angle) is less than 
180 degrees (step 2056). If so, the new tag proceeds to step 
2054; if not, the algorithm returns to step 2038. 

When a tag is removed or deleted, the netmaster directs 
updates of the topology by having the following algorithm 
performed by the neighbors of the removed tag. Each step of 



(n)) (step 2042), the index n of the iteration is incremented 10 the algorithm is performed by the determine topology sub- 
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by one (step 2044), and the new tag goes to step 2024. If the 
condition in step 2040 is satisfied, the algorithm proceeds to 
step 2022' (FIG. 59). 

Referring to FIG. 59, in step 2022', the algorithm begins 
analyzing the previous and next tags in an opposite order. 
Step 2022' is identical to step 2022 in FIG. 56. The algorithm 
next repeats steps 2024 to 2044, with the following changes. 
In step 2030 ! (which replaces step 2030), a new next tag 
(next (n+1)) is defined as the previous tag (previous(n)). A 
new previous lag (previous(n+l)) is defined as the tag 
forming the smallest negative angle (with the current tag at 
the vertex of the angle) relative lo the previous tag (previous 
(n)). 

In step 2036' (which replaces step 2036), the next tag 
(next (n)) is added to the list of neighbors of the new tag. The 
new tag then informs the next tag, which adds the new tag 
to its list of neighbors. Steps 2037 and 2040 are replaced 
with step 2037', in which the new tag checks whether the 
next tag is the closest tag, or the angle between the new tag 
and the next tag (with the current tag at the vertex of the 
angle) is greater than or equal to 180 degrees. If the 
condition is not satisfied, the algorithm proceeds to step 
2042. If the condition is satisfied, the algorithm proceeds to 
step 2038 (FIG. 60). 

Referring to FIG. 60, in step 2038, the new tag finds a pair 35 
of its neighbors (A, B) that are neighbors of each other, but 
are not consecutive with respect to the new tag. This means 
that tag A is not the neighbor of the new tag that forms the 
smallest positive angle with tag B, with the new tag placed 
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function in the netmaster. 

Referring to FIG. 62, the netmaster identifies a current tag 
as a neighbor of the removed tag (step 2100) and directs it 
to execute the following. The next tag (next(n)) is defined as 
the neighbor of the removed tag that is the next tag relative 
to the current tag with respect to the deleted tag. The 
previous tag (previous(n)) is defined as the neighbor of the 
removed tag that is the previous tag relative to the current 
tag with respect to the deleted tag (step 2102). 

The lag checks whether the next lag is the same as the 
previous tag and whether the previous and next tags are 
neighbors of one another (step 2104). If either or both 
conditions are satisfied, the algorithm causes each neighbor 
of the deleted tag to remove the deleted from its list of 
neighbors. The deleted tag is thus disconnected from all its 
neighbors, and the process ends. 

If the conditions of step 2104 are not satisfied, the 
netmaster checks whether the current tag is connected to the 
next and the previous tags, that is, the current, previous, and 
next tags are neighbors of one another (step 2106). If not, the 
tag defines a new current tag (current(n+l)) as the next tag 
(next(n)), increments the index n of the iteration (step 2108) 
and returns to step 2102. The removed tag completes the 
process by removing all the neighbors from its list. 

If the condition in step 2106 is satisfied, the tag checks 
whether a neighbor of the deleted tag other than the current, 
next or previous tags is contained in a circle circumscribing 
the next, current and previous tags (step 2110). If the 
condition is satisfied, the algorithm returns to step 2108. If 



at the vertex of the angle. Similarly, tag A is not the neighbor 40 not, the tag checks whether the deleted tag is contained in the 



of the new tag that forms the smallest negative angle with 
tag B, with the new tag placed at the vertex of the angle. FIG. 
61 shows a situation where the condition is satisfied, with 
tags A, B and C as neighbors of new tag 16 2 . 

In step 2038, the new tag also checks that tags A and B 
form an angle smaller than 180 degrees (with the new tag 
placed at the vertex of the angle). In the example shown in 
FIG. 61, the new tag compares angle e to 180 degrees. The 
algorithm checks every possible pair of neighbors, and if no 
pair of neighbors satisfy the conditions in step 2038, the 
algorithm ends. For each pair satisfying the conditions of 
step 2038, the new tag checks whether one of the following 
two conditions are satisfied: (1) the next neighbor of tag A 
relative to tag B, and the previous neighbor of tag B relative 
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circle (step 2112). If the condition is not satisfied, the 
algorithm returns to step 2108. If the condition is satisfied, 
the deleted tag is removed from the list of neighbors of the 
current tag, and the next and previous tags are listed as 
neighbors of one another (step 2114). The algorithm then 
returns to step 2108. 

Whe n a tag is moved from one b cation to another, the j 
itag^updajgj^ 

tratejg^jyg^6|]^^ movedtag is fejffl pjj ^asUie 

d eletecTtag . The mo^edjagjheh'fi ^ 
location by perfor m ing the jdgojjUTni^^^ 
56, ^Vncl^S^^ " '" 
B. Propagate messages 

The propagate messages subfunction 564 (FIG. 25) 



to tag A are the same tag (tag C), and (2) the next neighbor 55 defines a set of relay points for efficient communications 

of tag B relative to tag A and the previous neighbor of tag between tags, and defines a hierarchy of networks. 

A relative to tag B are the same lag (lag C) (step 2050). If Each network within a level of the hierarchy is defined by 

either condition is satisfied, the new tag checks whether tag the physical constraints of the system. For example, in one 

C is not the new tag and the new tag is included in a circle type of system, the assets include items placed in a container, 

circumscribing tags A, B and C (step 2052). If the condition 60 Each container is in turn stored on a pallet carried by a 



is satisfied, the tag disconnects tags A and B, thai is, the new 
tag informs tags A and B that they are not neighbors of one 
another, and tags A and B modify their lists of neighbors 
accordingly (step 2054). The new tag then returns to step 
2038. 

If the condition in step 2052 is not satisfied, the algorithm 
returns to step 2038. If the condition in step 2050 is not 



vehicle. An asset tag is attached to each item, pallet, con- 
tainer and vehicle in the system. The set of tags on the items 
within a container neighbor one another, and automatically 
form a network. Because the tag on the container is likely to 
65 be within the communication range of only a few tags on the 
items, the tag on the container is generally not included in 
the network. Similarly, the tags on the packages, pallets, 



2/10/05, EAST version: 2.0.1.4 



